Materials and Methods

Mouse Embryo Studies Histopathological studies
Early cardiomyocyte-restricted inactivation of Mfn1 and Mfn2 genes used previously reported floxed (fl) allele mice (5) crossed to an Nkx2.5-Cre knock-in mouse (23) , which induces robust gene recombination before E9.5 in atrial and ventricular cardiomyocytes, but not in cells of the epicardium or endocardium. Mfn1/Mfn2 double cardiac knockout mice were generated by timed pregnancies crossing , Nkx2.5-Cre mice. Genotyping was performed by PCR amplification of yolk sac using previously described primers (7) . For all studies except RNA-sequencing, Ctrl = , Nkx2.5-Cre. Embryos were dehydrated in ethanol and paraffin embedded. Hematoxylin and eosin staining and fluorescence studies were performed on 5 µm sections. Confocal analysis used antiphospho histone 3 (Cell signaling) and anti-heavy chain cardiac myosin 6/7 antibody (Abcam); mitochondria were stained with MitoTracker Red, and nuclei were stained with DAPI. TUNEL staining used the DeadEnd Assay (Promega). Transmission electron microscopy of osmium tetroxide/uranyl acetate stained E12.5 heart sections (90 nm) used a JEM-1400 microscope. , Nkx2.5-Cre (KO) E9.5 mouse embryos and E13.5 C57/BL2 embryonic hearts using TruSeq Small RNA Sample Prep Kits (Illumina) essentially as previously described for mouse heart sections except we used Illumina HiSeq 2000 sequencers and library indexing rather than bar-coding (25, 26) . Alignment percentage was 85.8% (16.9 million aligned reads among 19.7 million raw reads), aligned to 16,034 unique coding mRNAs (NCBI mouse genome Release 37 at a level of at least 1 RPKM. Of these, 266 mRNAs showed cardiac-restricted expression according to BiNGO. Gene symbols and RPKM values were imported into Partek Genomics Suite v6.5 (Partek, St Louis, MO) for comparison of expression values, computation of Pvalues, unsupervised hierarchical clustering with Euclidean distance, and heatmap plotting. MetaCore was used for pathway analysis.
In Vitro Studies ES cell culture and in vitro differentiation
Gene-trapped ESCs (E033E10, and CF0520) and their parental wild type (wt) ES cells (E14Tg2.A, derived from 129/Ola, German Gene Trap Consortium) were cultured in DMEM (Gibco) supplemented with 10% ES-cells qualified FBS (Hyclone), 100 mM non esssentials amino acids (Gibco), 1 mM sodium-pyruvate (Gibco), 2 mM glutamine (Gibco), 100 nM β-mercaptoethanol (GE healthcare), and 1000 U/ml LIF (ESGRO, Millipore). For EB differentiation, ESCs were trypsinized and resuspended in GMEM (Gibco) supplemented with 10% FBS (Euroclone), 100 mM non esssentials amino acids (Gibco), 1 mM sodium-pyruvate (Gibco), 100 nM β-mercaptoethanol (GE healthcare), 50U /ml Penicillin (Gibco), 50 mg/ml Streptomycin (Gibco), plated in hanging drops (300 cells/ 30 ml drop). EBs were collected after two days, cultured in suspension for two more days, and then plated on gelatin-coated 24 well-plates (1EB/well). The culture medium was replaced with fresh one at days 7, 10 and 13.
To calculate the efficiency of differentiation, the number of EBs containing beating areas were counted and normalised to the total number of wells containing EBs.
Molecular Biology mtYFP, mtRFP, pMSCV-OPA1, pcDNA3.1-∆CnA H151Q (CnA DN ) and pcDNA3.1-∆CnA (CnA CA ) were previously described (15, 17) . MFN2 cDNA was cloned into pMSCV using a TOPO TA cloning kit (Invitrogen) following manufacturer's instructions. CAGIP12RBP-DsRed, GFP-VIVIT (Addgene plasmid# 11106), and N∆E were a kind gift from F. Radtke (University of Lausanne, Lausanne, Switzerland), A. Rao (La Jolla Institute for Allergy and Immunology, La Jolla, USA), and R. Kopan (Washington University, St. Louis, USA) respectively.
Transfection and generation of stable clones
Transfection was performed using Transfectin (Biorad) and Lipofectamin 2000 (Invitrogen) following manufacturer's instructions. In cotransfection experiments, plasmids were cotransfected in equimolar ratios. For the generation of stably expressing clones, 24 hours following transfection cells were selected by Zeocin 500 µg/ml, Puromycin 2 µg/ml, G418 200 µg/ml or Hygromycin 200 µg/ml, depending on the resistance carried by the plasmid.
Immunoblotting
Undifferentiated ESCs (10 6 ) and differentiated EBs were harvested and lysed in RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.25% deoxycholate, 1 mM EDTA, 50 mM Tris, pH 7.4) in the presence of complete protease-inhibitor mixture (Sigma). Extracted proteins (15-30 µg) were separated by 4-12% Tris-MOPS (NuPAGE, Invitrogen), transferred onto polyvinylidene difluoride (PVDF, BioRad). Membranes were probed using the following antibodies: chicken polyclonal anti-MFN1 (1:1000, Abcam), mouse monoclonal anti-MFN2 (1:1000, Abnova), mouse monoclonal anti-OPA1 (1:1000, BD Biosciences), mouse monoclonal anti-DLP1 (1:1000, BD Biosciences), mouse monoclonal anti-Oct3/4 (1:1000, St. Cruz Biotecnology), mouse monoclonal anti-E-cadherin (1:1000, BD Biosciences), rabbit polyclonal anti-Brachyury (1:1000, Abcam), monoclonal anti-cTnT (1:1000, Abcam), rat monoclonal anti-Notch1 (1:1000, Cell Signaling), rabbit polyclonal anti-LDH (1:500, Rockland), rabbit polyclonal anti-Histone H3 (1:1000, Cell Signaling), rabbit polyclonal anti-TOM20 (1:1000, St. Cruz Biotecnology), rabbit polyclonal anti-Stim1 (1:1000, Sigma), mouse monoclonal anti-Orai1 (1:1000, Sigma), rabbit polyclonal anti-Serca2a (1:300, St. Cruz Biotecnology), mouse monoclonal anti-β-actin (1:100000, Sigma), mouse monoclonal anti-myc (1:500, Abcam). Isotype matched, horseradish peroxidase conjugated secondary antibodies (Amersham) were used followed by detection by chemiluminescence (Amersham). Densitometry was performed using the appropriate plugin of ImageJ (Wayne Rasband, NIH).
Immunostaining and TUNEL
To dissociate differentiated cardiomyocyte, EBs were trypsinized and resuspended using 0.6 mg/ml type II collagenase (Invitrogen) and 0.1 mg / ml pancreatin (Sigma) in 116 mM NaCl, 5 mM KCl, 5 mM glucose, 9 mM NaH 2 PO 4 , 0.4 mM MgSO 4 , and 20 mM Hepes, pH 7.3. Cells were then incubated on 13 mm round coverslips for 24 hours. Dissociated cardiomyocyte grown on coverslip were fixed as previously described (17) . Cells were then sequentially incubated for 2 hours at room temperature with a mouse monoclonal anti-cTnT antibody (1:100, Abcam) and for 30 minutes at room temperature with a FITC-conjugated goat anti-mouse IgG.
For the immunofluorescence and TUNEL on early EBs, cultured EBs were collected at 2, and 4 days, fixed in 4% paraformaldehyde for 30 min at room temperature, and paraffin-embedded sections (5 µm thickness) were used. For detection of apoptotic cells, TUNEL staining was performed using the TUNEL staining kit (Roche Diagnostics) according to manufacturer's instructions.
Confocal, multi-photon, and TIRF imaging For imaging of mitochondrial network, 6x10 4 cells of the indicated genotype ESCs were seeded onto 24 mm-round glass coverslips and transfected with mtYFP. After 24 hours, cells were incubated in Hank's Balanced Salt Solution (HBSS) supplemented with 10 mM Hepes and coverslips were placed on the stage of a LSM510META microscope (Zeiss). Cells expressing mtYFP were excited using the 488 nm line of the Ar laser using a 60X 1.4 NA Plan Apochromat objective (Zeiss). Morphometric analysis was performed as described (22) . For confocal z-axis stacks of mitochondrial network, stacks of 20 images separated by 0.4 µm along the z-axis were acquired. Total acquisition time for each stack was 1.1 sec for the 20 planes to minimize reconstruction artefacts caused by mitochondrial movement. 3D reconstruction and volume rendering of the stacks were performed using the appropriate plugin of ImageJ (Wayne Rasband, NIH). For imaging of cTnT immunostaining of dissociated cardiac EBs cells were imaged as described above.
For imaging of mitochondrial network of EBs at day 3, EBs were incubated with 20nM tetramethylrhodamine methyl ester (TMRM) (Molecular Probes), and 20 µM Verapamil (to inhibit the multi-drug resistance pump) dissolved in HBSS for 30 minutes at 37°C. Multiphoton imaging was performed using a Leica TCS SP5 microscope, equipped with a femtosecond pulsed chameleon laser (Coherent) and a HCX APO L 20x/100 NA Water immersion objective (Leica) using the LAS software (Leica).
A LSM510META confocal microscope (Zeiss) was used to detect TUNEL and Notch reporter activity. Blue (DAPI, Ex. 358/Em.461) and green (Fluorescein-dUTP, Ex.494/Em.518, or FITC, Ex.495/Em.521) channel images were acquired simultaneously with 420-480 nm bandpass and 505-550 nm bandpass filter settings, and with a EC Plan Neofluar 40x 1.3 oil immersion objective for TUNEL assay. Red (RFP, Ex.557/Em.585) channel images were acquired with 575 longpass filter settings, and with an Achroplan 40x 0.8 water immersion objective for Notch reporter assay.
For evanescent-wave microscopy (TIRF), 6x10 4 ESCs of the indicated genotype were seeded onto 24 mm-round glass coverslips and transfected with mtRFP and Ori-YFP (as a plasma membrane marker). After 24 hours, cells were incubated in HBSS supplemented with 10 mM Hepes and immediately imaged. TIRF imaging was performed on an Axiovert 100M (Zeiss) equipped with a combined epi-fluorescence / TIRF adapter (TILL-photonics) and a high numerical aperture objective (x100 /NA 1.45; Zeiss). Fluorophores where excited either with the 488nm line of a 150 mW Argon-ion laser (Reliant 150 m, Laserphysics) using an excitation filter (488/10), dichroic mirror (DCLP500) and a 525-550 nm bandpass emission filter or excited with a 535 nm 20 mW Diode laser (Coherent) and analyzed with a XF2062 (555DRLP, Omegafilters) dichroic mirror and bandpass emission filter XF3022 (580DF30, Omegafilters). Images were acquired with a 12-bit CCD camera (OrcaER 9742-95; Hamamatsu). Laser shutters, camera, and microscope set up were controlled by the Openlab software (Improvision). The surface of mitochondria in each image was measured using the appropriate plugin of ImageJ (Wayne Rasband, NIH).
Ratiometric measurement of cytosolic Ca
2+ concentration ES cells (10 6 ) were incubated at 37 o C in Krebs Buffer (KRB, 125 mM NaCl, 5 mM KCl, 1 mM Na 3 PO 4 , 1 mM MgSO 4 , 5.5 mM glucose, 20 mM HEPES, pH 7.4) containing 1 mM Ca 2+ , and 1 mM Fura2-AM (Molecular Probes). After 30min, cells were washed free of Fura2 and resuspended in Ca 2+ -free KRB at a density of 10 6 /ml. Ratiometric Ca 2+ measurement were performed using λ ex 340±5 and 380±5, and λ em 510±15 nm at 37 o C in a LS-50B fluorimeter (Perkin Elmer) equipped with fast filter and magnetic stirring. Fura2 ratio values were converted into Ca 2+ concentrations, using a K d for Ca 2+ of 225nM as described (17) .
Calcineurin activity measurement
Calcineurin activity was measured using an in vitro assay kit (Calbiochem) following manufacturer's instructions as previously described (17) .
RT-PCR, semi-quantitative RT-PCR and quantitative PCR
RNA was isolated using a RNA isolation kit (Qiagen) according to Manifacturer's instruction. For detection of gene-trapped allele, the specific primer was designed in the sequence of β-galactosidase and neomycin fusion protein (β-GEO primer) for Mfn2 gt and Opa1 gt cell lines. Only the gene-trapped allele is detectable by the combination of specific forward primers those sequences are exon 2 in Mfn2 gene or exon 3 in Opa1 gene, respectively, with β-GEO primer. As a control, specific reverse primers those sequences are in exon 3 in Mfn2 gene or exon 7 in Opa1 gene, respectively, were used to detect wt allele.
Total cellular RNA (125-250 ng) was analyzed by semi-q-RT-PCR using specific primers. Each semi-q-RT-PCR was performed with optimized conditions allowing amplification within the exponential phase of the PCR reaction using Superscript One-
Step RT-PCR with Platimum Taq (Invitrogen). The values of the relative expression levels of individual genes are normalised to those of GAPDH.
One µg of purified RNA was used to synthesize the first strand cDNA in a 50 µl final volume, using Thermoscript Reverse Transcriptase (Invitrogen). qPCR analysis were performed with one-twentieth of the cDNA reaction as template, using a Power SYBR Green PCR Master mix (Applied Biosystems) on a Step One Plus Real-Time PCR system (Applied Biosystems) with a comparative C T (∆∆C T ) method. The values of the relative expression levels of individual genes are normalised to those of Gapdh. The used primers are indicated below.
Mfn2-Ex2, F; TCA GCA CAG AGG AGA CCT CGA Mfn2-Ex3, R; GAC GGT GAC GAT GGA GTT GCA Opa1-Ex3, F; GTGACTATAAGTGGATTGTGCCT Opa1-Ex7, R; CGCTCCAAGATCCTCTGATAC β-GEO, R; AGG GTT TTC CCA GTC ACG Wnt3a, F; CACCCGGGAGTCAGCCTTTGT Wnt3a, R; GCGCCCAGCCTCATTGTTGT Wnt5a, F; CGGGAGGGCGAGCTGTCTACC Wnt5a, R; CCTACGGCCTGCTTCATTGTTGTG Nodal, F; GGGCGGATGGGGCAGAAG Nodal R; CCGGTGGGGTTGGTATCGTT Notch1, F; TGTGACAGCCAGTGCAACTC Notch1, R; TGGCACTCTGGAAGCACTGC Notch4, F; GGCTGCCCCCTGGTTTCATT Notch4, R; TCTTCAGGGCCCGAGCACAT GATA4, F; CCACGGGCCCTCCATCCAT GATA4, R; GGCCCCCACGTCCCAAGTC Mef2c2, F; AGGCACCAGCGCAGGGAATG Mef2c2, R; CCACCGGGGTAGCCAATGACT Nkx2.5, F; CTCCGATCCATCCCACTTTA Nkx2.5, R; AGTGTGGAA TCCGTCGAAAG Mesp1, F; TGTACGCAGAAACAGCATCC Mesp1, R; TTGTCCCCTCCACTCTTCAG Mesp2, F; CGCCTGGCCATCCGCTACAT Mesp2, R; CACCCCCAGGACACCCCACTACT Tfam, F; CCAAAAAGACCTCGTTCAGC Tfam, R; ATGTCTCCGGATCGTTTCAC SIRT1, F; TGTGAAGTTACTGCAGGAGTGTAAA SIRT1, R; GCATAGATACCGTCTCTTGATCTGAA Gapdh, F; TGCCCCCATGTTTGTGA TG Gapdh, R; TGTGGTCATGAGCCCTTCC Transmission electron microscopy Cells were fixed for 30 min at room temperature using glutaraldehyde at a final concentration of 1.25% (v/v) in 0.1M sodium cacodylate. Embedding and staining were performed as described (22) . Thin sections were imaged on a Tecnai-20 electron microscope (Philips-FEI) for cells and a Jeol electron microscope (JEM-1400) for embryos. Mitochondrial cristae morphology was classified in a blinded fashion.
Analysis of mitochondrial functions
Cytochrome c oxidase histochemistry was carried out as described previously (27) . Briefly, ESCs were incubated with 2 mg/ml 3,3'-diaminobenzidine tetrahydrochloride in 0.1M acetate buffer (0.1M CH 3 COONa, 0.1MCH 3 COOH, pH5.6), containing 1 % MnCl 2 (V/V), 0.1 % H 2 O 2 (V/V), pH 5.5 for 1 hour at 37 o C. Total cellular ATP content was measured by luminescence on 5×10
4 cells plated in 6-well plates. After incubation with additional 4.5 mg/ml glucose with or without 1 µg/ml oligomycin for 2 hours, cells were lysed with 0.5 % trichloroacetic acid (V/V) in PBS and placed in white 96 well-plate together with ATP standard, placed directly into the chamber of a luminometer (Promega). Light emission was recorded after addition of 100 µl of luciferin-luciferase solution (Promega). The content of ATP for each condition was normalized to the protein amount of the samples.
Mitochondrial oxygen consumption was measured using a Clarke-type oxygen electrode (Hansatech Instruments) as described previously (28) . Intact undifferentiated ESCs were incubated in HBSS supplemented with 10 mM Hepes at 37 o C. Real-time imaging of the mitochondrial membrane potential was carried out on 1×10 3 undifferentiated ESCs or 2×10 3 dissociated differentiating day 8 EBs seeded onto 384 well plates and loaded with 20nM TMRM, using an Operetta imaging system (Perkin Elmer). Imaging of TMRM fluorescence over mitochondrial regions of interest was carried out as described previously (29). Analysis was performed using Metamorph (Molecular Devices).
Karyotype analysis
Chromosome numbers in undifferentiated ESCs were analyzed after colcemide (0.02 µg/ml) treatment and Giemsa staining. The chromosome numbers were obtained from 30 metaphases of ESCs.
Statistical Analysis
Data represent mean ± SEM of indicated number of independent experiments. If indicated, statistical significance has been calculated by a one way ANOVA with Dunnett's multiple comparisons test at the indicated p value vs. Wt or untreated samples (Veh.). Total cellular RNA from cells of the indicated genotypes at the indicated time was analyzed by semi-q-RT-PCR using specific primers. The expression levels of each individual gene are normalized to those of GAPDH. Data are expressed as the ratio to the value of each undifferentiated ESCs genotype and represent mean ± SEM of 3 independent experiments (*p<0.05).
Fig. S10 NICD production is unaltered in gt ESCs
(A) Proteins (15 µg) from ESCs of the indicated genotype transfected with the MycNotch plasmid N∆E were separated by SDS-PAGE and immunoblotted using the indicated antibodies. The top band is uncleaved Notch, the bottom band corresponds to NICD (B) Mean± SEM of densitometric data of the ratio between NICD and uncleaved Notch1 from 4 independent experiments as in (A). Experiments were as in (C) and morphometry was carried out as described. Data represent mean ± SEM of 3 independent experiments (**p<0.05). 
